ABSTRACT: Meiofauna can play an important role in the energetics of benthic communities, but determining their diet remains problematic due to their small size. In this study, the contribution of primary producers to the diet of meiofauna and to bulk and fine (<125 µ µm) sediment organic matter (SOM) was investigated in Papanui Inlet, southern New Zealand, using stable isotopes (δ 13 C and δ 15 N) and fatty acid analyses in the field and in a microcosm experiment. Seston did not contribute significantly to SOM of vegetated (seagrass Zostera muelleri) and unvegetated habitats, suggesting limited bentho-pelagic coupling. The contribution of different benthic primary producers to SOM and meiofaunal diet could not be determined accurately based on isotopic signatures alone due to overlapping isotopic signatures. The high content of highly unsaturated fatty acids (HUFAs) of harpacticoid copepods from vegetated and unvegetated sites suggested that their main food item was microphytobenthos (MPB), although bacterial biomarkers were twice as abundant in copepods sampled from the seagrass bed than in copepods sampled from unvegetated sediments. Isotopic and fatty acid analyses showed that the uptake of 13 C-labeled macroalgal (Enteromorpha sp.) detritus by harpacticoid copepods in the microcosm experiment was minimal. Nematode diet could not be assessed with certainty, but seagrass detritus and MPB are likely to represent significant food sources at the vegetated and unvegetated sites, respectively, based on the fatty-acid profile of fine SOM. This combined approach (i.e. isotopic and fatty acid analyses, field sampling and microcosms), and analysis of bulk SOM, fine SOM, and aged seagrass detritus helped circumvent limitations associated with the individual methods. The combination of approaches was still insufficient to quantify the contribution of different primary producers to meiofaunal diet, however, highlighting the difficulties associated with the study of meiofaunal trophic connections in coastal systems.
INTRODUCTION
Despite their low biomass, meiofauna can play an important role in the carbon flux of benthic communities due to their high turnover rate (Kuipers et al. 1981) . Nematodes, for example, can ingest twice their body carbon each day (Heip et al. 1985) , and grazing by meiofauna may control microalgal biomass (Blanchard 1991 , Montagna et al. 1995 . Harpacticoid copepods also constitute an important link between primary producers and higher trophic levels (see review by Coull 1999) . Understanding the role of meiofauna in benthic carbon flux requires detailed knowledge of their diet. Our understanding of meiofaunal trophic relationships in coastal habitats is, however, still fragmentary because of the small size of meiofaunal organisms and the many food sources available.
The trophic ecology of nematodes (typically the dominant meiofaunal taxon) is often interpreted using the feeding group classification based on buccal cavity morphology (Wieser 1953) , or modified versions thereof (e.g. Romeyn & Bouwman 1983) . Such classification schemes do not, however, always accurately represent the feeding habits of nematodes (Moens & Vincx 1997) . The use of stable isotopes as tracers of organic matter flows in benthic food webs has shed light on the diet of nematodes and harpacticoid copepods in a variety of shallow benthic habitats (e.g. Couch 1989 , Middelburg et al. 2000 , Moens et al. 2005 . Few studies have determined the isotopic signature of nematodes and harpacticoid copepods in seagrass meadows (e.g. Vizzini & Mazzola 2003) , which contrasts with the numerous stable isotope studies of macrofauna of seagrass beds (see review by Lepoint et al. 2004) .
Carbon stable isotopes can be particularly useful for the study of food webs of seagrass communities due to the often elevated δ 13 C signature of seagrass tissue relative to other primary producers (Hemminga & Mateo 1996) . The difference in δ 13 C signatures between consumers and food sources is usually small (<1 ‰), which allows for accurate determination of diet (McCutchan et al. 2003) . Nitrogen isotopes are often used as an additional tracer when multiple food sources are present. Consumer δ 15 N signatures are typically enriched relative to their diet by about 3 ‰, which makes nitrogen isotopes useful for the identification of both food resource(s) and trophic level (Post 2002) .
The use of stable isotopes in coastal food-web studies has limitations. For example, different primary producers can have overlapping isotopic signatures (Mutchler et al. 2004) , which may hinder the interpretation of food-web relationships. Accurate determination of benthic microalgal isotopic signatures can be hampered by bias associated with sampling methods (Cook et al. 2004 ) and high variability in isotopic signatures over short spatial scales (Leduc et al. 2006) . Microphytobenthos (MPB) is often not sampled in food-web studies because dense mats of microalgae are not found (e.g. Kharlamenko et al. 2001) . Since the contribution of a food source to consumers may relate more to its quality (i.e. palatability) than to its quantity (Tenore et al. 1982) , the importance of MPB in seagrass food webs may have been underestimated. This could be particularly true for meiofauna because they may (due to their small size) be able to exert greater discrimination between food sources than macrofauna.
The importance of macrophytes to the diet of benthic consumers is not always easy to establish conclusively in stable isotope studies due to the often high intraand inter-specific variability in δ 13 C signatures (e.g. Vizzini & Mazzola 2003) . Stable isotope enrichment experiments can help better characterize the contribution of a food source to consumers, but this approach is seldom used to investigate the fate of macrophyte detritus in benthic food webs (Rossi 2007) . In contrast, several stable-isotope enrichment studies have investigated the importance of microalgae in the diet of meiofauna (e.g. Carman & Fry 2002 , Moens et al. 2007 ).
The contribution of some food sources, such as bacteria, cannot be evaluated using the analysis of bulk stable isotopic signatures. This shortcoming has led some researchers to use fatty acid (FA) biomarkers in addition to stable isotopes in food-web studies (Kharlamenko et al. 2001 , Nyssen et al. 2005 , Jaschinski et al. 2008 ), but few studies to date have combined both techniques to investigate marine meiofaunal trophic connections (Leduc 2009 ). FAs are useful for the study of coastal food webs because they provide specific markers for organisms such as bacteria (e.g. 15:0, 17:0, and 18:1n7; Volkman et al. 1980 , Findlay et al. 1990 Ackman et al. 1968) , and vascular plants (e.g. 18:3n3; Kharlamenko et al. 2001) . The FA composition of consumers reflects the FA composition of their diet (Parrish et al. 2000) , but the relative amounts of FA biomarkers in animal tissues can vary due to environmental variables (e.g. temperature; Pernet et al. 2007 ) and internal metabolism. Several crustacean taxa, such as harpacticoid copepods (Nanton & Castell 1999) and shrimps (Kanazawa et al. 1979) , can biosynthesize significant amounts of highly unsaturated FAs (HUFAs, defined as FAs having carbon chain length ≥C 20 and with ≥3 double bonds) such as 20:5n3 and 22:6n3. The information gained from the FA profiles of consumers from the field is therefore mostly qualitative. FA biomarkers can also be used to determine the contribution of different organic matter sources to sediment organic matter (SOM) (Meziane & Tsuchiya 2000) . The FA composition of SOM can be compared to the FA composition of primary producers using multivariate statistics because the effect of metabolism does not need to be taken into account (although some researchers compare consumers and food sources; see Jaschinski et al. 2008) , thus lowering the need to rely on specific FA biomarkers. The effect of microbial decomposition on the FA composition of primary producers should be considered, however. The FA profile of live seagrass blades, for example, differs significantly from seagrass detritus due to the loss of some FAs during decomposition and to the presence of bacterial FAs (Kharlamenko et al. 2001 ).
Meiofauna may selectively assimilate different components of SOM (e.g. Couch 1989 , Moens et al. 2007 . Food selectivity by nematodes may depend largely on particle size (Moens & Vincx 1997) , but most studies investigating meiofauna diet analyze only bulk SOM rather than different size fractions (Couch 1989) . A better characterization of fine (i.e. <125 µm) SOM through stable isotope and FA analyses is likely to lead to better interpretations of food-web relationships, since fine SOM represents the most likely food source for meiofauna. Such analyses may also be useful in determining the degree of benthopelagic coupling associated with the enhanced settlement and retention of fine sus-pended particulate organic matter known to occur in some seagrass beds (Papadimitriou et al. 2005) .
The small size (and associated technical challenges) of meiofaunal organisms is usually considered a disadvantage in ecological studies. That meiofauna spend their entire life cycles in a restricted area of sediments, however, makes them more suited to the study of ecological processes occurring over small (10 to 100 m) spatial scales than larger, more mobile animals. Researchers have studied the export of seagrass material to invertebrates living outside seagrass beds on a km scale (e.g. Hyndes & Lavery 2005) , but studies comparing the diet of invertebrates living inside seagrass beds and immediately adjoining unvegetated sediments are difficult to find. The effect of seagrass on benthic trophic pathways may be better understood by comparing the diet of animals in nearby locations differing mainly in the presence or absence of seagrass vegetation. Comparing the isotopic signatures of organisms over small spatial scales is also more likely to yield meaningful insights about potential foodsource differences associated with the presence of seagrass cover than comparing organisms living far apart .
The aims of the present study were to (1) test for differences in the contribution of primary producers to SOM and meiofaunal diet inside and outside an intertidal Zostera muelleri meadow, (2) compare the composition of bulk and fine (<125 µm) SOM in vegetated and unvegetated habitats, (3) test whether meiofauna feed preferentially on fine SOM as opposed to bulk SOM, (4) evaluate the importance of macroalgal detritus to the nutrition of harpacticoid copepods in a feeding experiment, and (5) test for differences in the FA composition of fresh and aged seagrass detritus under controlled conditions. The dietary contribution of primary producers was estimated using dual stable isotope analyses (δ 13 C and δ 15 N) and FA biomarkers (SOM and harpacticoid copepods only).
MATERIALS AND METHODS
Study area. The study was carried out in Papanui Inlet, southern New Zealand (Fig. 1) , an unpolluted sheltered inlet with an area of 3.5 km 2 . Tides are semidiurnal with a mean tidal range of 1.15 m (Albrecht & Vennell 2007) . Most of the inlet is exposed at low tide and consists of a patchwork of unvegetated sediments and Zostera muelleri beds. Freshwater input is minimal.
Three 10 × 10 m sampling sites were used. Site 1 (45°50' 53.1" S, 170°42' 40.9" E) consisted of unvegetated sandy sediments, Site 2 (45°50' 46.8" S, 170°42' 35.1" E) was located within a sparsely vegetated (1250 shoots m -2 ) Zostera muelleri bed, and Site 3 (45°50' 48.1" S, 170°42' 35.7" E) was located within a densely vegetated (8920 shoots m -2 ) Z. muelleri meadow. The sites were within 150 m of each other, and situated at least 30 m from the edge of the Z. muelleri meadow.
Sample collection and processing. Macrophytes were sampled in January 2006 at low tide. Zostera muelleri blades were sampled from Sites 2 and 3. Careful examination of the blades under dissecting and compound microscopes on several occasions during the year revealed the near-absence of epiphytes, which were therefore not sampled. The dominant macroalgal species (Ulva sp., Enteromorpha sp., and Polysiphonia sp.) found within or in close proximity (≤ 50 m) to the sites were also sampled. All macrophyte samples were washed several times with distilled water and inspected under the compound microscope to ensure that no debris was present. Samples for isotopic analysis were dried at 60°C for 2 d, homogenized using a mortar and pestle, and kept frozen until analysis. Triplicate samples consisting of 1 blade or thallus each were taken for each macrophyte for stable isotope and FA analyses. unvegetated sediments, 2: sparse Z. muelleri meadow, and 3: dense Z. muelleri meadow MPB was sampled as described by Leduc et al. (2006) on several occasions when dense mats were visible on the sediment surface (June 2005 , January 2006 , and January 2007 . The surface of colored (orange or green) sediment was scraped with a metal spatula. Microalgae were separated by vigorous shaking of the sample with filtered (GF/F filter, 0.7 µm retention size) seawater in the laboratory and filtered through a 63 µm sieve to remove large particles and meiofauna. The presence or absence of contaminants was verified by observing several aliquots of the sample under a compound microscope (samples containing contaminants were discarded). Samples for isotopic analysis were filtered through a pre-combusted Whatman fiberglass GF/F filter (0.7 µm retention size), dried at 60°C for 1 h, left for 24 h in an HCl atmosphere to remove carbonates, re-dried, and kept frozen. Triplicate samples were obtained at each sampling event for stable isotope and FA analyses. The amount of material collected in January 2006 was insufficient for FA analysis.
Samples for the isotopic and FA analysis of SOM were obtained in January 2006 from all sites (n = 3 for each site). SOM samples were obtained by scraping the top 2 cm of sediments and did not include large (≥1 cm) pieces of macrophytes that were sometimes present on the sediment surface. SOM samples were separated into bulk and fine (<125 µm) fractions in the laboratory on the day of sampling. The small fraction was obtained by sieving a subsample through a 125 µm sieve. The resulting sample was centrifuged at 4000 rpm (~1800 × g) for 3 min and the supernatant removed. Samples for isotopic analysis were dried at 60°C for 2 d and homogenized using a mortar and pestle. A small quantity of each sample (~40 mg) was left in an HCl atmosphere for 24 h to remove carbonates (Hedges & Stern 1984) . Samples were re-dried and kept frozen until analysis.
Nematodes were sampled for isotopic analysis in January 2006 at all sites. The top 2 cm of sediments was scraped with a small shovel, transferred into 1 l plastic bags, and kept frozen. Samples were later thawed, and meiofauna was extracted by repeated decantation over a 125 µm sieve. Most of the remaining debris was removed using the Ludox flotation technique (Somerfield & Warwick 1996) . Extraction with Ludox has been found to have no significant effect on the isotopic signatures of nematodes (Moens et al. 2002 (Moens et al. , 2007 . The resulting samples were washed several times with distilled water and transferred into a Petri dish. Nematodes were picked out individually using a fine needle, washed with distilled water, dried at 60°C for 24 h, transferred into aluminum cups, and kept in a dehydrator until analysis. Three replicates, each consisting of several hundred individuals, were obtained.
Samples for the isotopic analysis of harpacticoid copepods were obtained in January 2006 from all sites. Samples for FA analysis were taken in January 2007 from Sites 1 and 3. Harpacticoid copepods at Site 3 were sampled from small (0.5 to 2.0 m 2 ) unvegetated patches within the Zostera muelleri bed because insufficient material was obtained from vegetated sediments. Copepods were sampled by transferring about 1 l of surface sediment into plastic bags. Copepods were extracted live by repeated decantation over a 125 µm sieve, and transferred into Petri dishes. This mesh size was used to minimize the amount of debris and facilitate extraction, and only retained adults and late-stage copepodites (and not nauplii). The Petri dishes were placed under natural light and copepods were left to aggregate on 1 side of the dish. Copepods (along with a small quantity of debris) were transferred into a clean Petri dish containing filtered seawater with a transfer pipette. The procedure was repeated several times over a period of 24 h (allowing copepods to clear gut contents) until no debris was present in the sample. Copepod samples consisted mostly of Parastenhelia megarostrum, the most common species in New Zealand sandflats (Wells et al. 1982) . Copepods were washed thoroughly with distilled water, and samples for isotopic analysis were dried at 60°C for 24 h. Samples were acidified by placing a small amount (1 to 2 mg) of ground tissue in an HCl atmosphere for 24 h (Hedges & Stern 1984) . Three replicates (each consisting of several hundred individuals) from each site were obtained.
All samples for isotopic analysis contained a minimum of about 70 µg C and 20 µg N. Samples for FA analysis (primary producers, SOM, and harpacticoid copepods) were processed as for isotope samples, but were freeze-dried instead of air-dried, and kept at -80°C until analysis. Isotopic signatures of seston obtained previously in the region were used (Leduc et al. 2006) . Earlier research suggests that the range of seasonal and inter-annual variability in seston isotopic signatures near the Otago coast is limited (R. Van Hale pers. comm.). Samples of macrophytes, nematodes, and harpacticoid copepods were also obtained in June 2005 for stable isotope analysis, but a significant proportion of the samples were lost due to instrument malfunction. The available data are presented in the tables but were not included in the analysis and discussion.
Feeding experiment. Enteromorpha sp. thalli were obtained in November 2006 from Papanui Inlet, Otago Peninsula. Enteromorpha sp. is seasonally abundant in Papanui Inlet (D. Leduc pers. obs.) and may constitute an important food source to benthic invertebrates. Isotopic labeling of Enteromorpha sp. in the laboratory largely followed the procedure used by Boschker et al. (2000) for the labeling of Zostera marina. Labeling medium was prepared by adding 0.65 g of NaHCO 3 ( 13 C, 99% Novachem) to 20 l of filtered seawater. Enteromorpha sp. thalli were labeled in a plastic tank containing the labeling medium for 5 h under artificial light (270 µE m -2 s -1
). After labeling, Enteromorpha sp. thalli were transferred to plastic containers with flowing filtered seawater for 16 h to allow the label to distribute in the plants. Thalli were then washed repeatedly in distilled water, freeze-dried, ground to a particle size <125 µm, and kept frozen at -80°C.
Microcosms were established in square plastic boxes (34 × 34 cm, 20 cm deep). Overflow pipes (17 cm high) in the center of the microcosms were covered with 45 µm mesh to prevent loss of meiofauna. On 21 January 2007, the top 2 cm of intertidal unvegetated sediments at Site 1 was transferred directly into the microcosms (n = 8) using a flat aluminum shovel, taking care to minimize disturbance to the sediments. Harpacticoid copepod samples (n = 4) for isotopic and FA analyses were obtained by transferring surface sediments into 1 l plastic bags. Five haphazardly allocated cores (2.6 cm diameter, 2 cm depth) were taken and fixed in 5% formalin for estimation of meiofaunal and harpacticoid copepod abundance and biomass. Samples were extracted using the Ludox flotation technique and biomass estimated using video image analysis (Grove et al. 2006) . The microcosms were immediately brought to the Portobello Marine Laboratory and each microcosm was provided with 2 seawater inflows at opposite corners and left to settle. The following day, 2 g dry weight (DW) of Enteromorpha sp. material was added to 4 randomly chosen microcosms and distributed evenly on the surface of the sediments. The remaining 4 microcosms were left as controls. All the microcosms were put under a 16 h light:8 h dark cycle for 7 d. This duration was considered adequate as (1) meiofauna have a fast biomass turnover rate and (2) an extended experiment could bias the results due to the artificial conditions in the microcosms. Light intensity was 270 µE m -2 s -1
, and seawater temperature was 15 ± 1°C. The conditions provided during the experiment allowed the survival and growth of naturally occurring benthic microalgae, as ascertained by the observations of several sediment aliquots during the experiment. The isotopic and FA composition of harpacticoid copepods was measured at the beginning of the experiment from the field samples and after the experiment from the treatment and control microcosms. Harpacticoid samples were extracted as described above (see 'Sample collection and processing').
Seagrass detritus experiment. The FA composition of seagrass detritus can change during decomposition (Tenore et al. 1984) , so the characterization of FA profiles of decomposing material is necessary to accurately determine their contribution to SOM pools.
Fresh seagrass blades obtained from Site 3 (January 2006) were rinsed several times in distilled water, freeze-dried, and ground to a particle size between 45 and 250 µm. We added 2 g of detritus to 100 ml of f/2 medium in conical flasks (n = 4), which were left in the dark at 15°C on a shaker table for 28 d (Tenore et al. 1977) . Each flask was inoculated at the beginning of the experiment with 2 ml of sand-filtered seawater to provide microbiota. Each week, an additional 10 ml of f/2 medium was added to the flasks to ensure adequate nutrient supply (Tenore et al. 1977) . After 4 wk, the contents of the flasks were centrifuged, the supernatant decanted, and the detritus kept frozen at -80°C until analysis.
Stable isotope and FA analysis. Isotopic analyses were conducted at Iso-trace NZ (Dunedin, New Zealand) on a Europa 20-20 Update stable isotope mass spectrometer (Europa Scientific) interfaced to a Carlo Erba analyzer (NA1500) in continuous-flow mode (precision: 0.2 ‰). Analysis was calibrated to EDTA laboratory standard reference (Elemental Microanalysis) and standardized against international standards (IAEACH-6 for carbon, IAEAN1 and IAEAN2 for nitrogen). Results are expressed relative to standards (Vienna PDB for carbon and atmospheric N for nitrogen) in standard delta notation according to the formula:
where R is the ratio of 13 C: 12 C or 15 N: 14 N. Lipids were extracted using a method modified from Bligh & Dyer (1959) . Lipids were extracted using chloroform:methanol (2:1 v/v). The lipid fraction was treated with sulfuric acid (AnalaR, BDH Chemicals) in methanol solution and underwent acid-catalyzed transesterification at 80°C for 12 h. FA esters were extracted in hexane:water. The hexane-containing layer was removed, dried using N 2 gas, and reconstituted in 100 µl hexane. FA composition was determined by gas chromatography on a 5890 GC equipped with an HP7673 autosampler (Hewlett Packard). FA methyl esters (FAMEs) were separated on a DB225 capillary column, 30 m × 0.53 mm ID, 0.25 µm film (Agilent Technologies). The column oven temperature was increased from 180 to 200°C over 50 min. FA peaks were identified by retention time matching with a composite standard made from commercially available methyl esters (NUCheck Prep and Sigma) and additional specific standards (Sigma-Aldrich: PUFA No. 1 and Supelco 37 component FAME mix). Peak areas were calculated and reported as percentage of total FAs. FAs were expressed as the ratio of the number of carbon atoms to the number of double bonds. Double bond position (n) is numbered from the methyl end of the FA. Data analysis. Statistical analyses (ANOVA and Student's t-test) were conducted using Minitab 14 software. All data were checked for and met the normality and variance homogeneity requirements for parametric analyses. FA composition of SOM from the 3 sites was compared by constructing Euclidean similarity matrices from untransformed data in PRIMER (Clarke & Gorley 2006) . The use of Euclidean similarity matrices is preferable to Bray-Curtis similarity matrices because FA data are continuous. The data were not transformed as this would otherwise inappropriately weight FAs present in low proportions. Differences in FA composition between sites and size fractions were tested using 2-way analysis of similarities (ANOSIM).
13 C label incorporation (LI, expressed in µg 13 C) by harpacticoid copepods at the end of the experiment was calculated as the product of excess 13 C (E) and biomass (Moens et al. 2002) . Excess 13 C is the difference between the fraction 13 C (F ) of control and sample, i.e.:
where F = 13 C/( 13 C + 12 C) = R/(R + 1). The carbon isotope ratio (R) was derived from the measured δ 13 C values as R = (δ 13 C/1000 + 1) × R VPDB , where R VPDB = 0.0112372 = the carbon isotope ratio of the reference material (Vienna PDB) (Fry 2006). Label intake was translated into detritus incorporation by harpacticoid copepods by using the following equations:
where CI = carbon intake (µg C), atom % 13 C = 100 × F (Fry 2006), and DI = detritus incorporation (µg DW), and DI was translated into weight-specific detritus incorporation rates (µg DW detritus mg DW -1 consumer d -1 ) by dividing DI by the biomass (mg DW) of harpacticoid copepods in the microcosms and by the number of days (7) the experiment lasted.
The contribution of Enteromorpha sp. detritus to the carbon demand of copepods was estimated by using the equation:
where CD = carbon demand (in g C microcosm -1 wk -1 ), P = gross production (g C microcosm -1 yr -1
), and CCE = carbon conversion efficiency (Danovaro et al. 2002) . CCE was not taken into account in the present study because only assimilated C is measured in stable isotope determinations. Annual production was estimated by multiplying the biomass of each species (g C microcosm -1 ) with published annual production:biomass (P:B) ratios. A P:B ratio of 15 has previously been estimated for Parastenhelia megarostrum (Hicks 1984) . The proportion of CD met by assimilation of Enteromorpha sp. was calculated by dividing CI by CD.
RESULTS

Stable isotopic signatures and C:N ratios
The mean δ 13 C signature of primary producers at Papanui Inlet ranged from -18.6 (Enteromorpha sp.) to -8.9 ‰ (MPB) ( Table 1 ). The δ 13 C values of Zostera muelleri were elevated (-12.1 to -10.4 ‰) whereas macroalgal values tended to be more negative (-18.6 to -12.2 ‰). MPB δ 13 C signatures (-15.2 to -8.9 ‰) overlapped with both Z. muelleri and macroalgal signatures. The range of primary producer δ 15 N values was limited, with mean values ranging from 6.4 (MPB) to 7.8 ‰ (Polysiphonia sp.). The C:N ratio of primary producers ranged from 8 (Polysiphonia sp.) to 27 (Ulva sp.).
The isotopic signatures of SOM had limited variation between sites and size fractions with mean δ 13 C and δ 15 N values ranging from -13.9 to -11.1 ‰ and from 6.1 to 6.7 ‰, respectively. Bulk SOM had significantly lower values of δ 13 C at Site 2 than at the other 2 sites but the difference was small (0.9 to 1.4 ‰, ANOVA and Tukey's post hoc test, p < 0.05). The δ 13 C signature of fine (<125 µm) SOM differed significantly between sites, with Site 1 > Site 2 > Site 3 (p < 0.05). Values of δ 15 N of fine SOM at Site 3 were also significantly lower than at the other 2 sites (p < 0.05), but the difference was slight (0.5 ‰). The δ 15 N signature of bulk SOM could not be determined due to the low nitrogen content of the samples. The C:N ratio of SOM ranged from 11 (bulk SOM at Site 2) to 15 (bulk SOM at Site 3).
Nematode and harpacticoid copepod δ 13 C signatures were relatively enriched in 13 C and were similar to Zostera muelleri, MPB, and macroalgal signatures (Fig. 2) . Nematode δ 13 C and δ 15 N signatures were significantly more depleted at Site 3 than at Sites 1 and 2 (ANOVA and Tukey's post hoc test, p < 0.05,), and followed the pattern observed in fine-SOM isotopic signatures. Nematode δ 15 N signatures were 1.3 to 3.6 ‰ higher than their potential food sources. Harpacticoid copepod samples were predominantly Parastenhelia megarostrum at all sites (see 'Feeding experiment and harpacticoid copepod FA profiles'). Their δ 13 C and δ 15 N signatures were not significantly different between sites (p > 0.05), which was due, at least in part, to the high variability in isotopic signatures observed at Site 3. Copepod δ 15 N signatures were enriched by 0.7 to 2.3 ‰ relative to their potential food sources.
Primary producers and SOM FA profiles
The FA profiles of all primary producers were characterized by high levels of 16:0 ( . Isotopic values for seston were obtained from Leduc et al. (2006) . See Table 1 (Table 3) . A greater number of FAs were detected in the fine fraction (<125 µm) than in bulk SOM of Sites 1 and 2 (e.g. 14 vs. 21 FAs in bulk and fine SOM fractions of Site 1, respectively). Relatively high levels of 14:0 (5%) were found at Sites 1 and 2. Abundances of 15:0 and 18:1n7 were highest at Sites 2 (5 to 6%) and 3 (5%), respectively. The most common HUFA was 20:5n3, with the highest abundance (7%) in the fine fraction of Site 1, and the lowest abundance (1%) in the fine fraction of Site 3. The abundance of other HUFAs, such as 18:4n3 and 22:6n3, was < 3% at all sites.
Two-way ANOSIM revealed significant differences in the FA composition of SOM between sites and size fractions ( Table 4) matter source FA composition on the MDS plot showed that several sources were likely to contribute to SOM at the study sites (Fig. 3) . The FA composition of SOM at all sites was intermediate between macroalgae, MPB, and Zostera muelleri detritus. Fine SOM from Site 3 was closest to Z. muelleri detritus.
Feeding experiment and harpacticoid copepod FA profiles
Meiofaunal abundance and biomass in the microcosms was dominated by the harpacticoid copepod Parastenhelia megarostrum (Table 5 ). The presence of microalgae (mostly dinoflagellates and some Euglena sp.), as well as numerous ciliates and other Bacterial (Σ15, 1.9 6.8 9.8 9.1 9.0 6.7 Σ17, 18:1n7) Σ HUFAs 7.7 10.1 7.9 6.0 7.7 2.7 protists associated with the Enteromorpha sp. detritus, were observed in sediment aliquots throughout the experiment. Pink coloration of the detritus (apparent 4 d after the beginning of the experiment) was indicative of bacterial growth, as ascertained through observation of aliquots under a compound microscope. An enriched δ 13 C signature of 284 ‰ (equivalent to 1.422% of Enteromorpha sp. carbon present as 13 C) was achieved for Enteromorpha sp. after labeling (Table 6 ). The FA profile of Enteromorpha sp. was characterized by high levels of 16:0, 18:2n6, 18:1n7, and 14:0. The δ 13 C and δ 15 N signatures of harpacticoid copepods at the beginning of the experiment were -15.6 and 8.1 ‰, respectively. The δ 13 C signature of harpacticoid copepods was significantly higher in treatment microcosms relative to controls at the end of the experiment (-9.9 vs. -15.8 ‰, p < 0.05). The δ 15 N signature of harpacticoid copepods was also significantly higher in treatments than controls (8.7 vs. 8.0 ‰, p < 0.05). The mean ± SD incorporation rate of Enteromorpha sp. detritus by harpacticoid copepods was 2.6 ± 0.6 µg DW Enteromorpha sp. mg DW -1 copepod d -1 (n = 4) and represented < 5% of their estimated carbon demand.
The FA composition of harpacticoid copepods from the field was characterized by high levels of 16:0, 22:6n3, 16:1n7, and 20:5n3 (Table 6 ). Copepod FA profiles were similar between vegetated and unvegetated sites, but significantly higher abundances of 16:4n3, as well as of the bacterial FAs 15:0, 17:0, and 18:1n7 were found in copepods from the vegetated site (ANOVA and Tukey's post hoc test, p < 0.05). The concentrations of 14:0, 20:5n3, and 22:5n3 in harpacticoid copepods were significantly lower at the end of the experiment in both treatments and controls (p < 0.05). Levels of 16:0 and 16:1n7 were also significantly lower than initial levels in the treatment microcosms (p < 0.05). The relative abundance of 17:0 was significantly higher at the end of the experiment in both treatments and controls, but the observed differences were slight (0.3 to 1.0%, p < 0.05). No significant difference was found in the abundance of any harpacticoid copepod FAs between control and treatment microcosms in the feeding experiment (p > 0.05).
DISCUSSION
Potential food sources
A wide variety of food sources are available to consumers in seagrass beds. Microalgal biofilms may comprise several unrelated taxa such as diatoms, dinoflagellates, and euglenoids, but few studies have attempted to identify which groups are present. Careful examinations of MPB samples, however, can reveal the presence of unexpected taxa (e.g. cyanobacteria; Cook et al. 2004) . The composition of MPB in the present study varied both in time and in space. Diatoms, which usually dominate MPB in coastal areas, were never abundant. Sampling MPB on different occasions allowed the determination of isotopic and FA composition of taxa that, although not dominant at the time of sampling, could still represent important food sources. For example, cyanobacteria were observed in meio- Total meiofauna 1496 ± 177 334 ± 104 Table 1 ).
The isotopic signatures of primary producers in the present study were similar to values reported previously in a similar habitat of the same region (Leduc et al. 2006 ). The δ 13 C signature of MPB in June 2005 (-8.9 ‰) was more elevated than values reported to date (-9.4 to -20.6 ‰; see review by Currin et al. 1995) . Environmental variables affecting the δ 13 C signature of MPB are not well-understood, although factors such as productivity (Grice et al. 1996) , nutrient source (Smit 2001) , light condition (Burkhardt et al. 1999) , or taxonomic composition (Leboulanger et al. 1995 ) may be involved. The C:N ratio of some MPB samples (6 to 11) was somewhat higher than the values expected based on the Redfield ratio (6 to 7), perhaps because of the presence of contaminants in some of the samples. The 63 µm mesh used for MPB sample processing may not have excluded very small nematodes and copepod nauplii. Table 6 . Isotopic and fatty acid (FA) composition of Enteromorpha sp. detritus and of harpacticoid copepods from Papanui Inlet and from the feeding experiment (January 2007). Results are mean ± SD (n = 3 to 4). The 5 most abundant FAs in each sample type are in bold. Values for harpacticoid copepods followed by the same letter are not significantly different (1-way ANOVA, p < 0.05). Σ = sum, HUFAs = highly unsaturated FAs, nd = no data. Superscripted letter denote values for harpacticoid copepods that are not significantly different (1-way ANOVA, p < 0.05) Difficulty in distinguishing MPB from other potential food sources in food-web studies has led some researchers to use nitrogen and sulfur isotopes in addition to carbon. The mean δ 15 N signatures of primary producers in the present study, however, showed limited variation (1.4 ‰). Nitrogen isotopes were therefore of limited use in determining food-web relationships. Sulfur isotopes have been used in several seagrass food-web studies (e.g. Kharlamenko et al. 2001 , Leduc et al. 2006 ), but interpretation of δ 34 S signatures of infaunal organisms is complicated by the potential for non-dietary sulfur uptake (Leduc et al. 2006) .
FA analysis can provide an additional method to trace organic-matter flows in sediments and consumers. Several criteria need to be met, however, for FA biomarkers to be useful in determining consumer diet: (1) potential food sources must contain unique FAs in high abundance, (2) consumers must have no or limited ability to biosynthesize these FAs, and (3) these FAs must be assimilated in significant amounts in consumer tissues when the diet is consumed (Chamberlain et al. 2005) . It was not possible to verify whether the latter 2 criteria were met, but the primary producer profiles obtained in the present study can help identify potential biomarkers at the study sites (Table 7) .
High levels of 18:3n3 are often found in seagrass tissues and this FA is often used as a biomarker in seagrass food-web studies (e.g. Kharlamenko et al. 2001 , Jaschinski et al. 2008 . Zostera muelleri was indeed found to be rich in 18:3n3 at Papanui Inlet, but cyanobacteria represent another potential source for this FA. Most seagrass tissue is thought to be consumed as detritus (e.g. Danovaro 1996) , and the low levels of this FA in detrital Z. muelleri also decrease its usefulness as a biomarker. Another FA sometimes used as a biomarker for seagrass, 18:2n6, was found in greater abundance in Enteromorpha sp. than in Z. muelleri. Enteromorpha sp. and Ulva sp. were also characterized by high abundance of 18:1n7, a FA common in some green macroalgae (Nelson et al. 2002) , but also used as a bacterial biomarker in many foodweb studies (e.g. Meziane & Tsuchiya 2000) . High levels of 20:5n3 (a common diatom biomarker, e.g. Ackman et al. 1968) were found in Polysiphonia sp. and MPB biofilm dominated by dinoflagellates. High abundance of 20:5n3 has previously been recorded from benthic dinoflagellates (Usup et al. 2008 ) and macroalgae (Graeve et al. 2002) . The relatively high abundance of 18:4n3 and 18:5n3 in benthic dinoflagellates, as well as its absence from other primary producers, make these FAs reliable biomarkers for dinoflagellates in Papanui Inlet. The near-absence of 15:0 and 17:0 from all primary producers indicates that these FAs are reliable bacterial biomarkers. The presence of small amounts of 15:0 in dinoflagellate-dominated biofilm may have been caused by the presence of bacteria in the samples.
SOM
SOM δ
13 C signatures at the study sites were relatively enriched in 13 C and were similar to Zostera muelleri and MPB signatures. Based on values of δ 13 C, the contribution of 13 C-depleted macroalgae and seston to SOM was likely to be low, although Polysiphonia sp., which had the most 13 C-enriched macroalgal values in January 2006 (-14.7 ‰) , may have contributed to fine SOM at the densely vegetated site. It appears, therefore, that the degree of benthopelagic coupling at the study sites was limited. A study in a Mediterranean Posidonia oceanica meadow also suggested that seagrass and MPB were important contributors to SOM (Danovaro 1996) . In contrast, a stable isotope study in the same region found that the contribution of seston to seagrass-bed SOM is similar to or greater than the contribution of benthic primary producers (Papadimitriou et al. 2005) . A compilation of data from the literature led Kennedy et al. (2004) Heiss et al. 2000) . In addition, the input of benthic versus pelagic production to SOM is likely to be greater in intertidal environments. The input of seston to the sediments may also be most pronounced during spring and autumn blooms. The δ 13 C signatures of SOM at the sparsely vegetated site (bulk and fine fractions) and densely vegetated site (fine fraction only) were more depleted in 13 C than Zostera muelleri signatures.
13 C-depleted sources with lower C:N ratios such as MPB could contribute to SOM at those locations. Lower δ 13 C signatures and C:N ratios could also be due to greater contribution of Z. muelleri detritus. Seagrass detritus may be depleted by as much as 2 ‰ relative to live material (Fourqurean & Schrlau 2003) , although isotopic shifts associated with the decomposition of seagrass material is usually limited (up to ~1 ‰, Freudenthal et al. 2001 ). The C:N ratio of vascular plant material decreases during decomposition as associated bacteria incorporate nitrogen from the surrounding environment (Harrison 1989) . The similarity between the FA profiles of Z. muelleri detritus and SOM at the densely vegetated site, in particular, suggest an important contribution of seagrass detritus to the sediments of that site. The abundance of FAs associated with microalgae (18:4n3, 18:5n3, 20:5n3, and 22:6n3) , moreover, was lowest in the fine-SOM fraction at the densely vegetated site where seagrass detritus contribution was greatest according to the FA data.
Macroalgal detritus may also contribute to SOM at the vegetated sites. The FA profile of fine SOM at the densely vegetated site, in particular, could also reflect the presence of macroalgal detritus in addition to seagrass detritus. Little is known about the FA profile of macroalgal detritus, but microbial degradation could lead to decreases in the abundance of common macroalgal biomarkers such as 18:2n6 and 20:4n6 and increases in saturated FAs (Tenore et al. 1984) . This could lead to detritus of different origins (e.g. seagrass and macroalgae) having similar FA compositions (Nichols et al. 1982) . The presence of macroalgal detritus in 13 C-depleted fine SOM at the densely vegetated site, therefore, cannot be eliminated.
Ulva sp. and Enteromorpha sp. were identified as potential sources of 18:1n7, but the elevated δ 13 C signature of SOM suggests that bacteria are a more likely source of this FA. The sum of bacterial biomarkers was higher in bulk SOM of vegetated (9 to 10%) than unvegetated sediments (2%), indicating a greater contribution of detritus within the seagrass bed. Because organic matter content is likely to vary between sites, a more accurate comparison of bacterial contribution to SOM could potentially be obtained by comparing the absolute amounts of FAs instead of relative amounts.
Comparison of FA profiles from bulk and fine SOM can help gain insights into the sources of organic matter to the sediments. The greater abundance of 20:5n3, 22:6n3, and 18:4n3 in fine SOM relative to bulk SOM at the unvegetated site, for example, suggests that they originate from benthic dinoflagellates or other microalgae. On the other hand, the presence of 20:5n3 and 20:4n6 in bulk SOM and their near-absence in fine SOM at the densely vegetated site may reflect the presence of fresh Polysiphonia sp. fragments in the sediments rather than MPB. The significant differences found between bulk and fine SOM FA profiles may also indicate that food sources available to meiofauna (which can only ingest small particles) differ from food sources available to macrofauna.
Nematode diet
The nematode samples obtained in the present study were composed of several hundred individuals belonging to several (>15) species. Modifications in elemental analyzer-isotope ratio mass spectrometry (EA-IRMS) has made possible the analysis of separate species (Carman & Fry 2002) . The nematode communities at the study site, however, consisted primarily of relatively small species (D. Leduc unpubl. data), which made the separation of different taxa difficult. Withinsite variation in δ 13 C signatures between nematode taxa is often limited (≤ 2 ‰; Carman & Fry 2002 , Moens et al. 2005 , although considerable variation was observed in the δ 13 C signatures of nematodes sampled from tropical mangroves (up to 13 ‰; Demopoulos et al. 2007 ). The results from the present study do not account for the potentially wide variation in diet between the different feeding types (e.g. microbial feeder, deposit feeders, epistrate feeders) likely to have been present in the samples. Values of δ 15 N can vary considerably, especially when predators are present (3 to 6 ‰, Moens et al. 2005) . Because variation in primary-producer δ 15 N signatures was small (< 2 ‰), differences in nematode δ 15 N signature are unlikely to change the interpretation of food-web relationships in the present study.
The relative contribution of macrophyte (i.e. seagrass and/or macroalgae) detritus and MPB to the diet of nematodes could not be determined based on stable isotope data due to the overlapping signatures of potential food sources. The δ 13 C and δ 15 N signature of nematodes, however, closely followed fine SOM signatures at their respective sites. Although little difference was found in the isotopic signature of bulk and fine SOM in unvegetated and sparsely vegetated sediment, the δ 13 C values of nematodes at the densely vegetated site more closely resembled fine than bulk SOM signatures. Nematodes may preferentially ingest the smaller components of SOM, at least at the latter site. Seagrass detritus, which is the most likely source of fine SOM at that site (see 'SOM'), may therefore contribute substantially to the diet of nematodes living in densely vegetated areas. Conversely, MPB may be a more likely food source in unvegetated sediments because of the greater contribution of HUFAs (e.g. 18:4n3, 20:5n3, 22:6n3) to fine SOM at that site. Both vascular plant tissue (Couch 1989 , Danovaro 1996 , Carman & Fry 2002 and MPB (Moens et al. 2005 ) may be important food items for nematodes.
Copepod diet
The elevated δ 13 C signature and high abundance of microalgal FAs in harpacticoid copepods may result from MPB being their main food source in Papanui Inlet, although the lack of seasonal data makes generalizations difficult. The near-absence of dinoflagellate biomarkers (18:4n3 and 18:5n3) suggests that other taxa, such as diatoms, may be more important contributors. The higher variability of copepod isotopic signatures at the densely vegetated site indicates that a greater variety of food sources are ingested when they are available (e.g. small amounts of Zostera muelleri and/or macroalgal detritus). Greater abundance of bacterial FAs in copepods from the same site, moreover, may result from bacteria constituting a more important component of their diet in vegetated sediments. The use of FA composition as an indicator of harpacticoid copepod diet may be problematic due to their ability to biosynthesize significant amounts of HUFAs such as 20:5n3 and 22:6n3 (Nanton & Castell 1999) . The low abundance of other biomarkers such as 18:2n6 and 18:3n3, however, may result from other food sources not being major contributors to the diet of harpacticoid copepods at the study sites (Caramujo et al. 2008) . Few data are available on the FA composition of harpacticoid copepods from the field, but the FA profiles obtained for copepods in the present study (which mostly consisted of Parastenhelia megarostrum) are similar to the profile of the harpacticoid copepod Microarthridion littorale from the South Carolina coast (Coull 1999) . M. littorale was reported to have a microalgal diet based on isotope labeling experiments and gut pigment analyses (Pace & Carman 1996) .
MPB contributes substantially to the nutrition of harpacticoid copepods in shallow unvegetated sediments (Blanchard 1991 , Pace & Carman 1996 . Some researchers, however, have suggested that seston (Vizzini & Mazzola 2003) and seagrass (Hyndes & Lavery 2005) can contribute significantly to the diet of harpacticoid copepods. The findings of the latter study, however, could be questioned since MPB was poorly represented in the samples (only 1 sample from 1 location was taken across locations separated by several km). The importance of different food sources may depend on their availability. The contribution of seston to meiofaunal diet, for example, may vary depending on the degree of benthopelagic coupling, which is likely to be greater in subtidal meadows vegetated by seagrass species with large above-ground structures than in intertidal beds vegetated by small species such as Zostera muelleri. The contribution of seagrass to secondary production is also likely to depend on the presence of other, more labile food sources such as MPB and macroalgae (Jaschinski et al. 2008) .
Parastenhelia megarostrum is the most abundant harpacticoid copepod species in New Zealand shallow sandy sediments and has been shown to be an important food item for juvenile flatfish (Hicks 1984 (Hicks , 1985 . P. megarostrum is a high-quality food source (i.e. high in HUFA; Watanabe et al. 1978) and is likely to represent an important link between MPB primary production and higher trophic levels.
The 15 N enrichment of harpacticoid copepods relative to their most likely food source (MPB, ≤ 2.2 ‰) was lower than the 3 ‰ enrichment often assumed between consumer and diet (Post 2002) , but close to the value reported by McCutchan et al. (2003) for animals analyzed whole (2.1 ‰). McCutchan et al. (2003) also showed that trophic enrichment was lower for primary consumers than for carnivores (approx. 2 vs. 3 ‰). Care should therefore be taken when interpreting the diet of meiofaunal organisms based on δ 15 N signatures, as little experimental evidence is available on their trophic enrichment values.
Feeding experiment
Some small changes in the FA composition of harpacticoid copepods were observed at the end of the experiment, but there was no significant difference between treatments and controls. These changes are therefore likely to have resulted from the experimental conditions in the microcosms rather than from the addition of Enteromorpha sp. detritus. Furthermore, Enteromorpha sp. detritus (and associated microbiota) did not contribute greatly to their carbon demand (2%). The incorporation rate of detritus by copepods in the present study (2.6 µg DW mg DW -1 copepod d -1 ) was about 10 times smaller than the ingestion rates of the harpacticoid copepod Tisbe cucumariae fed on Gracilaria tikvahiae in short (1 h) feeding experiments (Guidi 1984) .
The lack of contribution of Enteromorpha sp. detritus to the copepod diet in the present study is somewhat surprising because macroalgae are considered a highquality food source (Tenore et al. 1984) . Extending the experiment possibly could have allowed greater decomposition of Enteromorpha sp. detritus by bacteria and increased its palatability to consumers. Rich bacterial growth associated with Enteromorpha sp. fragments was observed on Day 4 of the experiment, however, suggesting that Enteromorpha sp. was available to consumers in the form of detritus and associated microbiota for several days. Harpacticoid copepods appear to have fed on MPB preferentially in the feeding experiment, supporting the field data. However, a concurrent experiment using labeled MPB would have been useful to confirm this observation. These findings agree with several studies that have highlighted the importance of MPB in the nutrition of harpacticoid copepods (e.g. Blanchard 1991 , Montagna et al. 1995 , Pace & Carman 1996 .
Combining isotopic and FA biomarker approaches
The use of stable isotopes and FA biomarker approaches in food-web studies is more powerful than either method in isolation (e.g. Alfaro et al. 2006 , Jaschinski et al. 2008 . In the present study, however, the isotopic signatures of some primary producers overlapped, and the use of FA biomarkers was hampered by their presence in >1 primary producer. The isotopic signature of SOM, nematodes, and harpacticoid copepods did not vary greatly between adjoining sites at Papanui Inlet. There were, however, significant differences in the FA composition of SOM between sites and size fractions. The effectiveness of FAs in tracing seagrass detritus in the sediments was improved by the analysis of aged detritus and the use of multivariate statistics (as opposed to the use of specific biomarkers). In addition, significant differences in the FA profiles of harpacticoid copepods occurred between sites despite the lack of differences in their δ 13 C signatures. The feeding experiment provided support for the importance of MPB to the diet of harpacticoid copepods in unvegetated sediments. Nematode diet could not be determined with certainty due to the overlapping isotopic signatures of primary producers. The use of several approaches in the present study did not give adequate quantitative estimates of primary producer contribution to the diet of harpacticoid copepods and nematodes. The qualitative nature of FA analysis, in particular, is limiting. Comparing the FA profile of animals fed a diet of known FA composition with that of individuals from the field could help determine their diet with more accuracy (Ruess et al. 2005) . Microcosm and field experiments using a range of isotopically labeled food sources (e.g. macroalgae, seagrass, MPB) could also help quantify the relative importance of primary producers to the diet of meiofaunal organisms (Middelburg et al. 2000) .
The use of FA analysis in the present study was limited to harpacticoid copepods due to their relatively large size and ease of extraction. The need for relatively large (~1 mg DW) samples limits the widespread application of FA analyses for the study of meiofaunal trophic connections. Improvements on current methods may, however, make the study of meiofaunal feeding relationships easier in the future (Akoto et al. 2008) . 
